Abstract: Systematic evaluations of concept designs involve consideration of a range of criteria. Interaction with industry supports the view that reliability is a major criterion during product design. Although there are a few methods to predict reliability in the initial phases of design most of them are only applicable to adaptive designs. In this paper, the concept of relative reliability risk assessment for original designs is introduced, where information availability is less, to calculate reliability. The function structures of the product under consideration are considered and analytic hierarchy process is applied using verbal assessments for relative measurements. The weight assigning technique used is the entropy method. A final value of R 3 I (relative reliability risk index) is calculated and the idea of concept functionality graphs is presented. This method is applied to an example of a seat suspension for an off-highway vehicle and the results are discussed. For validation, an industry example of transmission design is considered for one of the product models of a truck produced by Terex in Scotland. The results show that the method helps to highlight the concepts that are relatively stronger in terms of reliability. The method is also confirmed by the validation example.
INTRODUCTION
The conceptual design phase of original design [1] involves a lot of uncertainty. The lack of information availability in this phase makes it difficult to evaluate concepts. Interaction with industry supports the view that reliability is a major criterion [2] when evaluating concepts in the initial phases of design. Although a lot of multi-criteria decision-making methods are available to select the final concept(s) out of the available ones [3] , reliability -as with other criterion -is normally provided with some weight and it is considered one of the given criteria during the selection of concepts. Since reliability is a very important criterion in mechanical engineering design, it is proposed to evaluate reliability and obtain ratings and ordinal rankings for the concepts. This is done using subjective inputs, which are obtained on the basis of questions posed for comparison of concepts with respect to reliability, using the analytic hierarchy process (AHP) [4] . Also, it is amply clear and argued that the data to predict reliability are not available in the conceptual design phase of original design [3] . However, the present authors propose to assess relatively the reliability of concepts and then screen out the ones that are judged to have unacceptable level of rank and hence risk.
The overview of this paper is as follows. In section 2, a review of reliability and related research for predicting reliability in the initial phases of design is presented. Section 3 aims to explain the proposed model of relatively assessing concepts with respect to reliability. In the same section, an overview of the decision-making tools that will be applied for the calculations is presented. They are the AHP [4] and entropy method [3] . The idea of concept functionality graph (CFG) is introduced to enable designers to look at the final outcome graphically and provide ease of making decisions.
The methodology is applied on two examples. To illustrate the methodology, it is applied on the example of seat suspensions (explained in section 4) for off-highway vehicles taken from reference [5] (section 5). The second example is the selection of a transmission system for earth-moving equipment explained in section 6. This was a problem for Terex, manufacturers of earth-moving equipment in Scotland. Terex dealt with this problem using a decision matrix. They of course had existing data concerning transmission reliability. These helped to validate the proposed method by comparing the results with the data available. The paper is concluded in section 7 with a note on future work by the current authors.
RELIABILITY: REVIEW AND RELATED RESEARCH
Various reliability analysis tools have been proposed and substantial published literature is available on the range of these tools. However, these tools demand extensively established quantitative data to predict the system reliability. It is generally argued that conventional reliability calculations in conceptual design phase are of limited use [6] . Various models such as failure mode and effects analysis (FMEA) and fault tree analysis (FTA) demand data available only in the detailed design phase or only in case of established products. Since the data availability is less in the case of the conceptual design (original design) phase, these models do not solve the problem of reliability evaluations in this phase. As far as reliability prediction and evaluation in the conceptual design phase are concerned, there is a little published literature available. However, Broadbent [7] proposed a systematic method towards evaluating concept designs for reliability. The method requires considering various failure modes of the concept designs. Along with this, the method requires that the designer be forced to consider all the components of the designs. However, original designs do not consider components during the conceptual design phase, which makes it difficult to use this method in all situations. Additionally, considering various failure modes during this phase does not seem to be a pragmatic approach.
Goel and co-authors [8] have worked on the optimal design of chemical process systems with respect to reliability in the conceptual design phase. They synthesize and solve an optimization problem, the objective being to maximize the profit function. This profit function comprises of various costs and these costs in turn are functions of components' availabilities. However the base availabilities of components are calculated using mean time to repair (MTTR) and mean time between failures (MTBF) values of components, which again are generally not available during conceptual design. Also, this work targets the domain of chemical processes and involves considering components of the system.
Ormon and co-authors [9, 10] have proposed a software simulator to address reliability prediction in the conceptual phase of design. The simulator involves working with the known and unknown failure rates. Most importantly, unknown failure rates are calculated using triangular probability distributions that involve input of optimistic, pessimistic, and most likely values of unknown failure rates. The next step in this method consists of considering the sub-system and component level analysis whereby active and standby redundancy is considered. Again, the sub-system and component level analysis is not done in original designs.
Owing to the uncertain nature of the conceptual design phase, a fuzzy logic paradigm [11] has been used for predicting reliability in some works. Natchman and Chimaka [12] follow a similar strategy in predicting system reliability to that of Ormon et al. Instead, they use triangular fuzzy numbers in place of triangular probability distributions to predict unknown failure rates. A framework for predicting reliability during the product development process is proposed by Yadav et al. [13] . They propose a methodology incorporating a Bayesian approach to predict reliability at every stage of the product development process. Fuzzy logic is used to quantify engineering judgements and incorporate them into the Bayesian approach. This methodology involves, as one of the inputs, consideration of warranty data of the product, which requires either the previous existence of the product or some quantitative data. Second, the framework involves testing samples at every stage of the development process (although a few are in initial stages of product development). In the original design, the warranty data are not available and samples are not available in the conceptual design phase. This limits this model for application to the conceptual phase of original designs. Verma and Knezevic [14] propose to delineate the requirement and anticipation reliability profiles. The system requirement is 'delineated' using fuzzy quality function deployment (QFD). For all the concepts generated in the conceptual design phase, reliability anticipation profiles are generated. A feasibility index is calculated that 'represents the compliance between the fuzzy reliability requirement and the associated anticipated or predicted value'. On the basis of this compliance and feasibility threshold, concepts are discarded or selected for the next stage of the product development process. However, this represents a complex decision-making model to be incorporated by the designers.
Cooper and Thompson [15] have listed all the valuable reliability prediction tools in their paper. Qualitative methods have been suggested in the conceptual design phase and quantitative in the latter phases of design. Nonetheless, most of the techniques applied are meant for adaptive designs [3] or 'proprietary products' and not original designs.
It is argued here that the definition of conceptual design differs from company to company. Say for example, a company wishes to utilize the available components in the market for a new product. The product is definitely new but the conceptual design phase of such a product would entail selection of available components to make an 'ideal' fit that the industry wishes to progress. Predicting and calculating reliability in such cases is possible using the techniques available. The definition of conceptual design followed is as presented in reference [1] for original designs. For original designs in the conceptual design phase, reliability calculations are not possible. However, a relative reliability indicator may be calculated in order to rate the generated design options and obtain ordinal rankings for them. A method is proposed to utilize functions for calculating an index, a relative reliability risk index (RRRI or R 3 I). The argument that functionality has less to do with reliability seems invalid here because performance over time is a measure of reliability [16] and proper function satisfaction indicates the performance of the product considered during the conceptual design phase. Henceforth, a relative approach is followed in calculating R 3 I using AHP.
PROPOSED METHODOLOGY
To calculate R 3 I, a four-step methodology is proposed (Fig. 1 ). To begin with, the established function structure of the product is considered. This is dealt with in more detail in section 3.1. After consideration of function structure, AHP [4] is applied using the commercially available decision support software by expert choice [4] . The software is interactive with the required number crunching and provides a measure of decision-makers' inconsistencies during the comparison. Application of AHP is done so as to rate relatively the alternatives with respect to the main functions using the soft information available to the designer. The alternatives mentioned here are the concepts in design process. After the comparisons have been made, priorities are obtained. The inconsistency value gives a good measure of relative ratings done and also provides a check as to whether the comparisons should be performed again or not.
Using these priorities, CFGs are drawn. A CFG indicates the relative measure of functionality fulfilment with respect to each of the available concepts. Delineation of a function's strengths and weaknesses in a CFG is a type of useful 'by-product' that helps take decisions. This is explained in detail in section 3.4.
Step three includes assigning weights to the functions. This is done using the entropy method [2] . This method has been adopted because it does not require the designer to provide the weights. Instead, weights are calculated by extracting the information content of the decision matrix. This also helps to rule out any chance of prejudice or manipulation to assign weights by the decision maker. Even if the decision maker has already assigned the weights, they can be combined with the weights obtained using this method (section 3.3).
The decision matrix in step two is arrived at using AHP. The application of AHP leads to the priorities, which are used to extract information for input to the entropy method in step 3.
Step four consists of calculating R 3 I using priorities and weights.
Function structures as a means of modelling concepts
Establishing function structures in the conceptual phase of design helps to pursue design in a systematic manner. There have been a lot of approaches towards developing function models [1, [17] [18] [19] , which, for brevity, are not all discussed here. Instead, the approach proposed by Pahl and Beitz [1] is followed since it is the most commonly referred to and the most convenient means of modelling
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Organise Concept Functionality Graphs Fig. 1 Steps to calculate R 3 I functions. In the initial stages of design, the technical systems are represented using function structures before their solution principles have been proposed. Initially a 'black box' approach towards the system is established representing the overall system goal with the inputs and outputs. The inputs and outputs are in the form of energy, matter, and signals. Then subfunctions are added to this system and each of them is usually represented as a verb-noun pair. The detail of the structure depends on the desired level of abstraction. There are two types of functions: main functions and auxiliary functions. Main functions are the ones that directly help to achieve the overall goal and auxiliary functions indirectly help in achieving the overall function. To understand this better, a common threeaxes horizontal lathe machine is taken as an example. The function structure of such a lathe is shown in Figs 2 and 3 at different levels of abstraction.
Initially the overall function is laid down in which main task of the lathe is considered, i.e. machining workpiece (W/P) (as shown in Fig. 2 ). To understand this, refer to the symbols for the conversion of matter, energy, and signals as shown in Table 1 . When considered at a detailed level of abstraction, the structure as shown in Fig. 3 is arrived at.
Analytic hierarchy process (AHP)
AHP, developed by Saaty [4] , is a multi-attribute decision-making method (MADM) that makes use of relative ratings. The strength of this tool lies in utilizing insight-based 'soft' information from the decision makers in the form of relative values. A hierarchy is developed in which the main objective forms the highest level. The next lower level is occupied by the criteria, and so on. The bottom most hierarchy is occupied by the alternatives available. Once the hierarchy has been established, comparison matrices are formulated and comparisons of lower-level criteria with respect to the property at upper level are made. A lot of literature is available on AHP that deals with the mathematics of the method, the most accessible is by Saaty [20] .
The example problem used to illustrate the AHP method is that of a selection of a temperature sensor. A university's thermodynamics laboratory wants to purchase a temperature sensor for temperature measurements. The alternatives available in the market are thermistor, platinum resistance thermometer and thermocouple. It is worth mentioning here that this is a hypothetical situation in which only three alternatives have been considered for the ease of explanation. The criteria on which the selection depends are accuracy, temperature range measured, price, and reliability. The hierarchy is shown in Fig. 4 . If a top-down approach is applied here, all the criteria are compared first, i.e. accuracy, temperature range, price, and reliability using a pairwise comparison matrix with respect to the objective, i.e. selecting temperature sensor. Such a pairwise comparison matrix is shown in Table 2 . Next, a comparison of all the three alternatives with respect to each property at the level above it is made. There would be four comparison matrices for these comparisons that are shown as Tables 3 to 6. Comparisons are made using a scale that involves integers from 1 to 9 and their reciprocals to represent relative importance. If a numeric scale cannot be used, verbal assessment is then preferred. Verbal assessment is also used for calculating R 3 I. The priorities calculated are shown in the comparison matrices. These matrices are used to calculate the final priorities for the available alternatives. With each matrix, there is associated a consistency ratio (CR), which gives the measure of consistency in comparisons, made. The expert choice software is used for calculating CR. Usually, CR should be less than 10 per cent for the results to be acceptable; otherwise the comparison should be undertaken again [4] .
In the method proposed to calculate R 3 I, the priorities of the alternatives are calculated with respect to criteria, but the criteria are not compared with respect to the objective. This is because the criteria that are available are functions (main functions) from the function structures. It may not be inadvisable to compare the functions that are basic or fundamental to the system using the pairwise comparison matrix because all the main functions may seem to be equally important to the designer. Instead, the entropy method [3] is used to calculate the weights of the functions. Section 3.3 explains the entropy method. Also, while comparing the concepts with respect to the main functions, the question posed is: how much will concept A perform better/worse than concept B over time? The results are in the form of verbal scale that has equivalence in integers ranging from 1 to 9.
Entropy method to calculate weights
The entropy method [3] is a MADM to calculate the weights of the attributes that have been considered during the decision-making process. It utilizes the information content of the decision matrix to calculate the weights of the attributes. This method has been adopted as a part of calculating R 3 I because it may be inappropriate for a designer to compare main functions relatively from the function structure. The information contents of the normalized values of the attributes can be measured using entropy values. The entropy V j of the set of normalized outcomes of attribute j is given by
for all j, (j ¼ 1 to k represents attribute and i ¼ 1 to n represents alternative) where b is constant which is defined as b ¼ 1/ln (n) and l ij is a normalized Fig. 4 Hierarchy for a temperature sensor selection problem element of the decision matrix. If there are no preferences available, the weights are calculated using the equation
If the decision maker has the weights available beforehand w e , it can be combined with the weights calculated above, resulting in new weights that are w new .
Concept functionality graphs (CFGs)
CFGs depict the strengths and weaknesses of the concepts generated in the conceptual design phase. They are the graphs between the functional priorities obtained from AHP and the concepts. Functionality is defined as the satisfaction of concept functions. Ulrich and Eppinger [21] have proposed a five-step method for generating solution concepts using function diagrams. This strategic approach towards generating concepts helps to identify the strengths and weaknesses of all concepts functionwise. However, a large number of concepts generated produce a complex situation to recognize the strengths and weaknesses as regards to each function in concepts. Henceforth, CFGs are thought of as a means to represent the strengths and weaknesses of concepts after the comparison using AHP has been performed.
Calculate R 3 I
Following the calculation of priorities and weights, they are combined in the decision matrix. The approach of concept scoring [21] is utilized for combining the weights and priorities available. It consists of calculating the overall value for the concept under consideration and provides objective value to the ordinally compared concept. The higher value of R 3 I represents less risk of going ahead with the concept for the next stage of design. Figure 5 shows the example used here to illustrate the application of this methodology, i.e. the seat suspension mechanism for the off-highway vehicles, taken from reference [5] . Hurst had considered this example to illustrate the effectiveness of using spreadsheets for concept selection. The method applied is similar to the concept scoring method and the ratings provided to the concepts with respect to criteria are in terms of satisfaction of criteria. All the six concepts are shown in Fig. 5 . This example has been considered here because it represents one of the few available concept design examples of original designs. In addition, the approach presented here can be applied to it owing to the simplicity of the concepts. The function structure established for seat suspensions is shown in Fig. 6 . Essentially, three main functions are considered in the structure. They are hold seat, dampening vibrations, and adjusting seat height. The flow of matter, energy, and signals are shown in Fig. 6 .
APPLICATION OF METHOD ON EXAMPLE OF SEAT SUSPENSIONS
AHP is applied to the functions considered here and the comparison matrices are shown in Tables 9  to 11 in Appendix 2, in which A, B, etc. refer to concept A, B, etc. The inconsistencies are also laid down with each matrix considered. The inconsistencies are all less than 0.1 and are acceptable. After the application of AHP, a priority matrix is obtained (Table 12 ). This will be treated as our decision matrix.
The CFG for this example is shown in Fig. 9 (in Appendix 2). The integers 1-6 on the x axis in Fig. 9 represent concept A-concept F respectively. The figure is intended to depict a clear picture of strengths and weaknesses of different concepts with respect to the functions considered.
The weights for the three functions considered have been calculated using the information from the matrix, and the entropy method (explained in section 3.3) is utilized to calculate the same. The weights obtained after the application of the method are shown in Table 12 . Normalization of the decision matrix is not required since the sum of priorities for any attribute j is 1 in Table 13 .
Having calculated the weights and priorities, R 3 I (Table 7) is obtained using equation (4) .
As can be seen from Table 13 , concept E has the best R 3 I among all those available. Also the concepts that may be screened out are those that have the low R 3 I value, which are B and D. The ordinal ranks are also shown in Table 7 .
VALIDATION OF METHOD USING TRANSMISSIONS EXAMPLE FROM TEREX
To validate this approach further, another example involves the selection of a transmission system, on the basis of reliability, for use in earth-moving equipment produced by Terex in Scotland. The company builds up most of its product from proprietary items, one of which is the transmission system. The transmissions are selected using the proposed methodology, considering the proprietary transmissions as the available concepts. The company had to select a 'best' alternative on the basis of reliability. The aim is to find out whether the results were in harmony with the available data. This is an indirect approach to validate the methodology: this is followed because a direct approach is not pragmatic here. All the concepts cannot be taken forward and manufactured so as to check their reliability. Let the transmissions available be T1, T2, and T3. One of the transmissions as a part of the powertrain has been shown in Fig. 7 . The main functions considered by the company personnel are transmit torque, connects to engine, number of outputs, runs auxiliary pump, and mounts on the truck, shown in Fig. 8 . The important thing to note was that although it is recommended to consider main functions, even if the functions considered were not very important, the application of the entropy method would delineate the importance of functions through their weights. AHP is applied to the relative measurements for the transmissions on the basis of functions considered. The results are shown in Tables 14 to 19 , in Appendix 2. Construction of CFG for this example is not pragmatic in the sense that the transmission systems considered are proprietary products and not actually concepts. The example has been considered for the validation purpose and application of CFG, thereby combining the strengths of concepts and generating new concepts is not possible in this case. The entropy method is applied to the functions considered and the weights calculated are shown in figure. R 3 I calculated for the transmissions T1, T2, and T3 is shown in Table 8 . T2 scores the highest among the available options. The ratio of R 3 I obtained for T1, T2, and T3 is 1:1.55:1.1, the actual ratio being approximately 1:2.5:1.
CLOSURE
In this paper, reliability is reviewed and a methodology is proposed for calculating a relative index to compare concepts in the initial phases of design. The methodology helps to obtain ordinal rankings of the available concepts and is applied on the example of seat suspensions for off-highway vehicles as well as transmission system for trucks. The methodology involves application of the AHP to compare relatively concepts and the entropy method for Relative reliability risk assessment
